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Abstract 28
Individuals with Autism Spectrum Disorder (ASD) report a host of sensory 29 symptoms, which suggests a fundamental, genetic (Miles, 2011) neural 30 signaling deficit in autistic brains (Rubenstein & Merzenich, 2003) . However, 31
neither animal models nor previous theories explaining sensory symptoms 32
have been able to predict neurophysiological data in autistic humans. Here we 33
show a strikingly similar trajectory of visual development in a genetic 34
Drosophila Nhe3 model of autism and in autistic human participants. We 35 report a dissociation between first-and second-order electrophysiological 36 visual responses to steady-state stimulation in adults with ASD as well as a 37 large sample of neurotypical individuals with high numbers of autistic traits. 38 We also report a strikingly similar impairment in the adult fruit fly model of 39
ASD. We explain this as a selective signaling abnormality in the transient 40 response mechanisms in the visual system. In contrast to adults, autistic 41 children show decreases in both first-and second-order responses, which are 42 closely matched by the fruit fly model, suggesting a compensatory change in 43
processing occurs over the course of development. Our results provide the 44 first animal model of autism comprising a developmental sensory pathway 45 phenotype. 46 47 48
Significance statement 49
Autism Spectrum Disorder exhibits strong and widespread sensory symptoms 50 that have not yet been explained by previous research. Here we have 51
developed a novel Drosophila model of sensory deficits in autism that is highly 52 predictive of electrophysiological visual data in both autistic adults and 53
children. Both the animal model, and human data from three samples (total 54 N=154), point towards a deficit of a fundamental signaling mechanism in early 55 parts of the sensory system. This deficit shows signs of change during 56 development indicating a possible partial rescue of function at later stages of 57 life. Our findings can explain previous inconsistencies in research into visual 58 perception in autism. The Drosophila model can be used in future biomarker 59 and treatment development. 60
Introduction 61
Autistic individuals report a host of sensory symptoms including unusual 62 sensory interests, overstimulation and hyper-and hyposensitivity to intense 63 stimuli such as bright lights or loud noises (1, 2) . Several theories have been 64
proposed to account for sensory abnormalities in autism -one of the most 65 common proposing an imbalance in excitation/inhibition (E/I) (3). The E/I 66 imbalance theory of autism has gained mixed but largely supportive evidence 67 from neurochemical, neurobiological and genetic investigations (4, 5), 68
implicating GABA-ergic mechanism deficits (6). Alternatively, a vision-specific 69 theory has linked visual processing abnormalities in ASD to a selective deficit 70
in the magnocellular pathway (7, 8 In this study we aimed to develop an animal model of sensory abnormalities in 91
human ASD and to investigate the mechanism underlying these impairments.
92
We measured visual neural responses both in autistic humans and in 93
Drosophila with a genetic mutation linked to autism. In humans, 
Results

115
Increased sustained/transient response ratio in Nhe3 fruit flies. Using a 116 steady-state visual evoked potential (ssVEP) paradigm (12) (see Fig. 1 ) we 117 measured fruit fly visual responses to flickering stimuli via an electrode on the 118 fly's eye. Wild type, eye-color matched flies (a cross between isogenic and 119
Canton-S) were used as controls (+). Flies from each genotype (n=12) were 120 tested at three days (when the flies are young) and at 14 days post eclosion 121
(older). First harmonic (12Hz) and second harmonic (24Hz) response 122 amplitudes were derived by fast Fourier transform (see Methods). Although 123 the first harmonic responses of mutant and wild-type flies were the same, the 124 second harmonic response was significantly reduced in the Nhe3 mutants 125 ( Fig. 2a, 2b) . To quantify this functional dissociation between the two response components 132
we calculated a normalized ratio between first (1F) and second (2F) 133 harmonics ( Interestingly, unlike the older flies, the young 3 day old flies showed a reduced 147 response at both frequencies (see Fig. 3a ,b) relative to controls. Importantly, 148
there was no effect of genotype on the ratio between harmonics (F 2,33 = 1.38, 149 P = 0.27; Fig. 3c ). These results suggest a deficit in the sustained visual 150 module of young mutant flies, which most likely causes a cascading 151 impairment in the transient module. These differences between visual 152 responses at two stages of life suggest a change in visual processing over the 153 course of development. human participants. One hundred neurotypical participants with putative 163 autistic traits measured using the Autism Spectrum Quotient (AQ) 164
questionnaire (21) were tested with the ssVEP paradigm. Visual responses 165
were recorded from an occipital electrode (Oz, located at the back of the head 166 over the visual cortex) to grating stimuli flickered at 7Hz. Seven contrast 167 conditions (each repeated eight times) were presented in a randomized order. 168
First and second harmonic ssVEP responses were again derived via Fourier 169
analysis. The evoked response data were averaged separately over 170 participants split by their median AQ score: high (n = 53, AQ mean = 11.53, 171 SD = 3.68) and low (n = 47, AQ mean = 5.32, SD = 1.81) AQ (high AQ 172
implying many autistic traits). The first harmonic response was similar in both 173 groups whereas the second harmonic was notably reduced in the high AQ 174 group ( Fig. 2d, 2e) . A two-way ANOVA showed the interaction between group 175 and frequency to be significant (F 1,98 = 6.17, P = 0.015). The high AQ group 176 also had a significantly higher frequency ratio than the low AQ group (t 98 = 177 2.86, P < 0.01, Fig. 2f ). Moreover, a regression analysis showed that AQ 178 scores correlated with the frequency ratio, with high AQ scores being 179 predictive of higher ratios (R = 0.26 F 1,98 = 6.87, P = 0.01; see Fig. 4 ). This 180 result shows a relationship between the amplitude of the second harmonic 181
response and the severity of the subclinical ASD phenotype, however, this 182 effect cannot be directly generalized to clinical autism as the AQ is not 183 diagnostic of full-blown ASD. age-and gender-matched controls using the same human ssVEP paradigm.
193
The pattern of data again mimicked that of the previous adult datasets: there 194 was a significant interaction between group and frequency (F 1,22 = 5.85, P = 195 0.02; Fig. 2g, 2h ). The ratio between harmonics was again significantly larger 196
in the ASD group than in the control group (t 22 = 2.13, P = 0.04; Fig. 2i ). 197
Young Nhe3 fly responses predict autistic children's responses. 198
Considering the striking similarity between the adult human datasets and the 199 adult fruit fly model, it is reasonable to ask if similarities also exist between 200 younger humans and young Drosophila ASD models. Specifically, our fly 201 model predicts that the visual system of autistic children should show reduced 202 responses in both the first and second harmonics. To examine this, we 203 recorded from 13 autistic children (5 -13 years old) and 17 neurotypical age-204
and gender-ratio-matched controls using an ssVEP contrast-sweep paradigm. 205
Artifact rejection was employed to control for movement and blinking in both 206
groups. The stimulus in each sweep trial increased continuously in contrast 207 from 0% to 50% in logarithmic steps. Data were binned into 9 contrast levels 208 before being Fourier transformed to compute response amplitudes. 209
210
As predicted by the fly data, the ASD group showed impaired processing in 211 the sustained response (t 28 = 2.07, P = 0.04; Fig. 3d, 3e) . A two-way ANOVA 212 also revealed a significant group effect over both frequencies (F 1,28 = 4.23, P 213 = 0.049). Unlike adults, children exhibited no difference in frequency ratios 214 between the groups (t = 1.41, P = 0.17; Fig. 3f ). Children showed impaired 215
processing in the sustained pathway as predicted by the fruit fly model. 216
However, the smaller effect of amplitude reduction observed in the fruit fly 217 second harmonic responses was present, but not statistically reliable in the 218 children (t 28 = 1.26, P = 0.219). This may be due to the more variable nature 219 of human EEG data. 220 221 222
Discussion
223
We found a selective deficit in second order responses in autistic adults, 224
individuals with high levels of autistic traits and Nhe3 fruit flies suggesting that 225 this impairment is specific to the autistic phenotype. Autistic children and 226
young Nhe3 flies showed a more global deficit in visual processing at early 227
stages of life. The Nhe3 fruit fly model of autism was predictive of these ASD 228 visual response deficits both in children and in adults, suggesting a 229 fundamental and pervasive change in visual impairment during development.
230
High AQ individuals showed consistent visual responses compared to 231 participants with diagnosed ASD suggesting common visual response 232
properties between samples. This was unsurprising as previous research has 233
found that AQ scores in the general population are highly correlated (R = 234 0.77) with sensory processing difficulties, as measured by the Glasgow 235 Sensory Questionnaire (23), indicating that high AQ individuals exhibit milder 236 forms of sensory difficulties. 237
238
The intact first harmonic response in adult flies and humans indicates normal 239
functioning of mechanisms which give rise to the sustained response. 240
Conversely, the reduced second harmonic response suggests a deficit in the 241 transient dynamics of the visual system. In fly, the first harmonic has been 242 associated with sustained photoreceptor polarization and the second 243 harmonic with second-order lamina cells (17). In human, an association has 244
been made between simple cell and sustained responses to pattern onset and 245 complex cells and transient responses at both stimulus onset and offset (24). 246
Although simple cells exhibit some transient response properties as well (24, 247 25), the intact first harmonic suggests that the impairment is specific to human 248 complex cells that only generate even-order response components. This 249 early, cell-type-specific deficit may explain previous findings of atypical neural 250 dynamics of spatial frequency processing in ASD in the face of normal 251 sensitivity thresholds (26, 27). 252
253
The differential impairment of sustained and transient modules observed in 254
our Nhe3 model mimics the pathway abnormality in autistic adults. Nhe3 255 affects the exchange of sodium and hydrogen ions in cell membranes directly 256
affecting neural signaling (19, 28). Differential expression of Nhe3 and other 257 genes in ASD, which has been observed in other parts of the brain (19, 29) 258 may extend to differential expression in color and motion modules in the 259
Drosophila visual system. As Nhe3 (SLC9A9 in humans) is only a single gene 260 in a multifaceted genetic etiology of autism, it is likely that the expression of 261 several genes in human autism affects simple and complex cell dynamics, 262
producing similar effects at the neural population level. Furthermore, such 263 abnormality in gene expression in other parts of autistic brains, as well as 264 environmental influences and gene-environment interactions, may give rise to 265 a wide range of cognitive and social impairments in childhood and adulthood. 266
267
Our data indicate little or no over-responsivity in the visual responses 268 predicted by the E/I theory, consistent with some previous studies (30, 31). 269
However, it is possible that E/I imbalance in autism, stemming from GABA-270 ergic mechanism deficits, affects different neuron types or processing 271 pathways in distinct ways and to different extents. Regardless, cell-type level 272 processing abnormalities may explain previous inconsistencies in sensory 273 deficits in ASD in which pathways were not differentiated (32 For our control cross we mated the lab stock of Canton-S (CS) flies with those 330
with isogenic chromosomes 2C and 3J (40). All tested flies had dark red eyes. 331
All genotypes were raised in glass bottles on yeast-cornmeal-agar-sucrose 332 medium (10g agar, 39g cornmeal, 37g yeast, 93.75g sucrose per litre).
333
They were kept at 25°C on a 12 hour light-dark cycle. Male flies were 334 collected on CO 2 the day after eclosion and placed on Carpenter (1950) (41) 335 medium in the same environmental conditions for either 3 days or 14 days. 336
Flies were tested approximately between the 4 th and 9 th hour of the daylight 337 cycle. 338 339
Drosophila electroretinography 340
Steady-state visual evoked potentials (SSVEPs) were obtained from the fruit 341 flies (12, 17). Flies were recorded in pairs in a dark room. They were placed in 342 small pipette tips and secured in place with nail varnish. One glass saline-343
filled electrode was placed inside the proboscis of the fly and another on the 344 surface of the eye. A blue (467nm wavelength) LED light (Prizmatix FC5-LED) 345
with a Gaussian spectral profile (FWHM 34nm) was placed in front of the flies 346
together with a diffuser screen and used for temporal contrast stimulation. 347
Flies were dark adapted for at least two minutes and then tested for signal 348 quality with six light flashes. Steady-state stimulation lasted 12 min and 349
comprised seven contrast levels (0 -69% in linear steps) each with five 350
repetitions. For the autistic adult ssVEP study, 12 typical-IQ autistic participants and 12 368 gender-and age-matched controls (11 males, mean age 23.53, range 18 -369 39, reportedly normal or corrected to normal vision) took part. ASD diagnosis 370
was confirmed with the Autism Diagnostic Observation Schedule, second 371 edition (ADOS-2). Although IQ was not explicitly measured in this study, all 372 adults had normal speech and a high level of independence (the majority 373
were university students). The absence of ASD diagnosis in the neurotypical 374
participants was also confirmed with ADOS-2 (none of the control participants 375 met criteria for ASD). All participants in the study gave informed consent and 376
were debriefed on the purpose of the study after the experiment. The 377 experiments were approved by the Department of Psychology Ethics 378
Committee at the University of York. 379 380
Steady-state VEPs were recorded using an ANT Neuro system with a 64-381
channel Waveguard cap. EEG data were acquired at 1kHz and were recorded 382
using ASALab, with stimuli presented using MATLAB. The timing of the 383 recording and the stimulation was synchronized using 8-bit low-latency digital 384
triggers. All sessions were performed in a darkened room, testing lasted 45-385
60min with approximately 20min set up time.
387
Stimuli were presented on a ViewPixx display (VPixx Technologies Inc., 388
Quebec, Canada) with a mean luminance of 51cd/m 2 and a refresh rate of 389
120Hz. Stimuli were 0.5 cycle/deg sine-wave gratings enveloped by a raised 390 cosine envelope. Gratings subtended 3 degrees of visual angle and were tiled 391 in a 17x9 grid. The participants fixated on a circle in the middle of the screen 392 and performed a fixation task (two-interval-forced-choice contrast 393 discrimination) to maintain attention. All participants were able to perform the 394 task at above chance levels. There were seven contrast conditions for the 395 flickering gratings (0%, and 2 -64% in logarithmic steps, where C % = 396 100(L max −L min )/(L max +L min ), L is luminance) and eight repetitions. Stimuli 397 flickered on/off sinusoidally at 7Hz. Trials were presented in random order in 398 four testing blocks with short breaks in between. Each trial was 11 seconds 399 long and contained gratings of a random spatial orientation to avoid 400 orientation adaptation effects. These trials were intermixed with orthogonal 401 masking trials that are not presented as part of this study. Data were taken 402 from the occipital electrode Oz. 403
404
Child EEG 405
Thirteen children with a diagnosis of ASD and 20 neurotypical controls 406 matched on gender ratio (10 and 12 males respectively) and average age 407 (mean age 9.31 and 8.94 respectively, range 5 -13) completed the study. 408
Three of the neurotypical children were tested but excluded due to having 409 autistic siblings (17 participants were included). All children were in 410 mainstream local schools (if they were old enough) and did not have other (or 411
any -in the case of the neurotypical group) reported history of serious 412 medical, psychiatric, or neurological conditions. 413 414
Steady state EEG data were acquired with a 128-channel HydroCell Geodesic 415
Sensor Net (Electrical Geodesics Inc.). Data were digitized at 432Hz and 416 band-pass filtered from 0.3Hz to 50Hz and were recorded using NetStation 417 4.3 Software. Highly noisy data were excluded by removing repetitions with 418 amplitudes that were four standard deviations away from the group mean (for 419 each contrast level and harmonic individually). There were 10 repetitions in 420 total, however, two autistic and one neurotypical child only completed 8 421
repetitions.
423
Increasing contrast sweep ssVEPs were used. Stimuli for this experiment 424
were presented on an HP1320 CRT monitor with 800x600 pixel resolution, 425
72Hz refresh rate and mean luminance of 50cd/m 2 . Stimuli were random 426 binary noise patterns of two luminance levels that increased in contrast in 9 427 logarithmic steps (0% -50%) of 1 second each. Each trial contained a 428 prelude at the initial value of the sweep and a postlude at the final sweep 429 value, lasting 12 seconds in total. Stimuli flickered at 5.12Hz. Data from the 430 middle 9 seconds during the sweep were binned according to contrast steps. 431
Methodological differences between the adult and child datasets were due to 432 different conventions being used by the two laboratories in which data were 433 collected. 434 435
Data analysis 436
A Fast Fourier transform (in MATLAB) was used to retrieve steady-state 437 response amplitudes at the stimulation frequency (12Hz for fruit flies, 7Hz for 438 adult participants and 5.12Hz for children) and at the second harmonic (24Hz, 439 14Hz and 10.24Hz respectively). Fourier transforms were applied to 10 s of 440 each trial (first 1s discarded; total trial length was 11s) for the fruit fly and the 441 adult participant datasets and to 1 second binned data for the children's 442
dataset. Contrast response functions were obtained by coherently averaging 443 the amplitudes over repetitions for each contrast level within a participant. 444
Group/genotype scalar means over response amplitude (discarding phase 445 angle) were then calculated for each contrast across participants/flies.
447
Two-way (harmonic x group) ANOVAs were performed on amplitudes at the 448 highest contrast level to investigate the interactions and group effects in all 449 human datasets where only two groups were compared. To identify at which 450 harmonic the autistic children showed a decreased response, two 451 independent samples t-tests were also conducted. One-way ANOVAs with 452 simple planned contrasts were conducted to assess the genotype differences 453
in fruit fly first and second harmonic responses separately as that aided the 454 interpretability of the results between the three genotypes. 455 456
To investigate the dissociation between first and second harmonic responses 457 a scaled ratio !"#$" !"%$" (where 1F is the first and 2F is the second harmonic) was 458 calculated for each participant/fly and each contrast condition. To increase the 459 power of statistical analyses and to decrease the type I error rate, the ratios 460
were then averaged over the contrast conditions that had first harmonic 461 amplitudes significantly above the baseline response (0% contrast condition).
462
For fruit flies this was six conditions (11.5 -69%), for adult participants this 463
was four conditions (8 -64%) and for children this was five conditions (8.5 -464 50%). This procedure resulted in a single frequency-ratio index for each 465 participant/fly. One-way ANOVAs with simple planned contrasts (comparing 466 mutant genotypes with the control genotype) were conducted on the fly 467 frequency ratios for each age separately. Independent t-tests were used to 468
compare frequency ratios in all human datasets between groups. Additionally, 469
a linear regression was conducted on the adult AQ measurement dataset to 470 assess the predictive power of AQ scores on the ratios between frequencies.
471
All statistical tests were two-tailed. 472
Figure legends
